Amplitude-versus-Angle (AVA) simultaneous inversion is performed on synthetic and measured seismic amplitudes to appraise the influence of several factors controlling the spatial resolution and reliability of the estimated elastic properties. We make use of measurements acquired in deepwater hydrocarbon reservoirs in the central Gulf of Mexico to generate the synthetic data and to evaluate the inversion results on actual field measurements. Detailed sensitivity analysis on synthetic amplitude data indicates that, even in the most ideal scenario (noise-free seismic amplitude data, availability of far-angle coverage, and precise knowledge of angle-dependent wavelets and lowfrequency components) input elastic models used to generate the synthetic seismic amplitudes are not accurately reconstructed by the inversion. The order of reliability of the inverted properties is P-impedance, followed by Simpedance, and bulk density. Additionally, the availability of sufficient far-angle coverage remains crucial for the reliable estimation of spatial distributions of S-impedance and bulk density. We show that time alignment of partialangle stacks for correction of residual NMO significantly improves the resolution of the estimated spatial distributions of elastic parameters and consistently decreases the data misfit. Finally, it is found that the reliability of the inverted distributions of elastic parameters can be substantially improved by (1) increasing the preserved AVA information via multiple single-angle stacks, (2) correcting the velocity field for partial-angle stacking, and (3) excluding far-angle data with low signalto-noise ratios.
Introduction
Anadarko's Marco Polo deepwater development project is located in Green Canyon Block 608 in the Gulf of Mexico, approximately 175 miles south of New Orleans, in a 4300-feet water column. Hydrocarbon production originates from reservoirs consisting of Tertiary deepwater sand deposits. This paper considers a small portion of the Marco Polo Field where hydrocarbon-bearing turbidite sands pertain to the "M" series and are buried at depths of 11500-12500 ft. Several deterministic and stochastic inversion projects have been conducted in the study area to characterize the Mseries hydrocarbon reservoirs (Contreras et al., 2005) ; however, a detailed analysis on data-related factors controling the efficacy of AVA inversion remains necessary to quantify the relative advantages of the technique. In an effort to appraise the reliability and nonuniqueness of pre-stack seismic inversion products we performed a detailed sensitivity analysis on the main factors controling the inversion algorithm. We first conducted forward modeling and inversion of synthetic data, and subsequently applied AVA simultaneous inversion to actual seismic amplitude measurements.
Figure 1: (a) Forward modeling of synthetic pre-stack seismic data: elastic property models (Ip, Is, and density), angle-dependent wavelets, and partial-angle stacks. (b) Spatial distributions inverted from synthetic data. Even in the most ideal scenario (noise-free seismic data and precise and wide angle coverage, wavelets, and low-frequency models) only the inverted distributions of Ip and Is are reliably reconstructed without the use of a-priori information. Time interval: 3500-4300 ms. Synthetic pre-stack seismic data were generated using welllog data, angle-dependent wavelets, and the structural/stratigraphic model of the Marco Polo field. Initially, 3D models of elastic properties (P-Impedance, SImpedance, and density) were constructed through the interpolation of well-log data guided by the structural/stratigraphic model ( Figure 1a) . Subsequently, the interpolated elastic models were used to produce four synthetic partial-angle stacks (PAS) via Knott-Zoepprittz's equations and angle-dependent wavelets for the following angle intervals: 5-10, 10-15, 15-20, and 20-25 degrees ( Figure 1b) . Lastly, 10% random noise was added to the synthetic stacks.
P-Impedance
Synthetic partial-angle stacks were inverted using an Amplitude-versus-Angle Constrained Sparse Spike Inversion (AVA-CSSI) algorithm. In order to appraise inversion pitfalls, the same angle-dependent wavelets and wells used to generate the synthetic data were input to the inversion. Results from this exercise are shown in Figure  1 (c). Even in the most ideal scenario (noise-free seismic data, wide angle coverage, and precise knowledge of angledependent wavelets and low-frequency models) density distributions are only partially reconstructed, whereas Pand S-impedance distributions remain the most reliable results. This exercise confirms that seismic petrophysical assessment of the Marco Polo sand units can be approached via fluid/lithology sensitive modulus attributes that only include the use of impedances, e.g. LambdaRho.
Sensitivity Analysis of Angle Coverage
AVA-CSSI inversion was conducted using anywhere between one to four partial-angle stacks to assess the effect of angle coverage on the inversion results. Figure 2 shows the results obtained from this exercise. The spatial resolution of the inverted distributions of S-impedance and density progressively increases as more far-angle stacks are input to the inversion.
AVA Simultaneous Inversion of Seismic Measurements
The 3D seismic measurements described in this paper were sampled at 4 ms and have a frequency band of 6-70 Hz, with a central frequency of 35 Hz. The 3D survey in the Marco Polo Field consisted of 254 cross-lines spaced at 25 m intervals (6.35 km), and 320 in-lines spaced at 20 m intervals (6.4 km). This generated 81,280 traces over an area of approximately 40.64 km 2 .
In order to prepare the 3D pre-stack seismic measurements for AVA simultaneous inversion, the time-migrated gathers were organized into four PAS (with angle ranges: 6-16, 16- Inverted S-impedance and density cross-sections for increasing ranges of angle coverage. The spatial resolution of the inverted distributions of S-impedance and density progressively increases as more far-angle stacks are input to the inversion. Time interval: 3500-4300 ms.
PAS (5-15°)
Sensitivity analysis of factors controlling AVA simultaneous inversion of 3D partially stacked seismic data: application to deepwater hydrocarbon reservoirs in the central Gulf of Mexico 26, 26-36, and 36-46 degrees) using a stacking velocity function. These four PAS were simultaneously inverted using the AVA-CSSI algorithm. The inversion methodology consisted of partial-angle stacking, lowfrequency modeling, wavelet estimation, AVA-CSSI simultaneous inversion, inversion quality control, and attribute extraction. The two main inversion products, Pand S-impedance, were used to generate volumes of the modulus attribute LambdaRho using the equation λρ=Ip 2 -2Is 2 .
Residual NMO and Time Alignment
Small time-shift corrections were applied to the angle stacks in order to reduce the effect of event misalignment due to processing errors such as residual NMO (Figure 3(a,  b) ). Subsequently, the corrected partial-angle stacks were simultaneously inverted using the AVA-CSSI algorithm to quantify the effect of seismic amplitude misalignment on the results. The correction of residual NMO significantly improved the inversion results and uniformly decreased the data misfit for all the angle stacks (thereby increasing the cross-correlation between the measured seismic amplitudes and the seismic amplitudes simulated from the inversion results) (Figure 3(c) ).
Velocity Correction and Single-Angle Stacks
The velocity field used to generate the initial partial-angle stacks via ray tracing was further corrected to honor the shale velocity trend observed in well logs. Such a correction caused an increase of the velocity, which in turn decreased the angle coverage from 46 to 35 degrees ( Figure  4a ). Subsequently, 30 single angle stacks were generated using the corrected velocity field for the following angle ranges: 5-6, 6-7, 7-8,…, 32-33, 33-34, and 34-35 degrees. The last 10 far-angle stacks were considered either noisy or devoid of significant signal and hence were excluded from the analysis. We proceeded to align (i.e., to correct for residual NMO) the final set of 20 single angle stacks (SAS) (5-25 degrees) and to estimate the corresponding angledependent wavelets.
Finally, AVA-CSSI was applied to the corrected seismic data and the inversion results were compared to the noncorrected inversion products in the LambaRho domain (Figure 4b ). Corrected inversion products exhibit an increase of spatial resolution which translates into better delineated stratigraphic features (e.g. the delineation of low λρ intervals, associated with hydrocarbon-bearing sands, improves considerably after applying the correction). This result is also attributed to the widening of angle coverage and the increase of the number of partial-angle stacks input to the inversion. 
Before After

Conclusions
Detailed sensitivity analysis performed on synthetic seismic amplitude data indicates that, even in the most ideal scenario (knowledge of the forward model and noise-free measurements), the original elastic models used to generate synthetic seismic amplitudes are not reliably reconstructed by the inversion. The order of reliability of the inverted distributions of elastic parameters is P-impedance, followed by S-impedance, and bulk density. Additionally, sufficient far-angle coverage is crucial for the accurate and reliable reconstruction of spatial distributions of S-impedance and bulk density. Inversion of seismic amplitude measurements evidenced that time alignment of partial-angle stacks significantly improves the inversion results and decreases the data misfit. It was found that the migration velocity field used to organize the pre-stack seismic data into partial angle stacks must be corrected to honor the well-log Pvelocity trend imposed by the shale base line. Such correction entailed an increase of velocity, which in turn caused a decrease of the maximum angle range available for the generation of partial-angle stacks. Finally, increasing the preserved AVA information via multiple single-angle stacks drastically improves the spatial resolution of the inverted distributions of elastic properties. Sensitivity analysis of data-related factors affecting the reliability of pre-stack seismic inversion is crucial to avert inversion pitfalls such as over-parameterization and artificial correlation between P-impedance, S-impedance and density. 
